Biometric characteristics of Orbulina universa (d'Orbigny) were used to differentiate two morphotypes present in sediment trap samples collected from the Cariaco Basin, Venezuela. Specifically, wall thickness and weight-area relationships were used to separate shells into thin (M thin ) and thick (M thick ) morphotypes. M thick (mean thickness = 19-41 μm) comprises 75% of the total O. universa in these samples and has morphometric characteristics similar to that of the previously described Type I Caribbean genotype, whereas M thin (mean thickness = 6-22 μm) is comparable to the Type III Mediterranean genotype. The flux of M thick increases during periods of upwelling, whereas M thin flux shows no systematic relationship with changing hydrographic regimes in the basin. The δ
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C of M thick are on average 0.34‰ higher and 0.38‰ lower, respectively, than those of M thin , suggesting that they calcify their final spherical chamber at different depths in the water column and/or differ in their vital effects on shell geochemistry. Additionally, the absolute offset in the stable isotopic compositions of the two morphotypes varies as a function of surface ocean stratification. During periods of upwelling, the δ O and δ 13 C). These data provide field evidence that thin and thick morphotypes of O. universa likely experience different environmental conditions during the formation of their final chamber and, therefore, should not be combined in geochemical analyses for reconstructing past surface ocean conditions. Finally, we introduce a new proxy for reconstructing past surface ocean stratification changes via the use of M thin and M thick δ 1. Introduction
Overview
The fossil shells of planktonic foraminifera serve as important sedimentary archives for studying past climatic and oceanographic conditions. However, proxy signals preserved in foraminiferal shells have been shown to vary significantly between species (Erez, 1978; Hemleben et al., 1989; Spero, 1998; Spero et al., 2003) , with species identifications being strongly reliant on morphological concepts (Tendal, 1990) . As a result of these interspecies differences, which are generally attributed to vital effects or ecological factors such as depth habitat and/or seasonal preferences, species-specific proxy calibrations are necessary in order to produce the most reliable estimates of past ocean conditions (Hemleben et al., 1989; Spero et al., 1997; Bijma et al., 1998; Bemis et al., 2002) . Despite attempts to differentiate between morphologically defined species, the paleoceanographic community has long recognized the existence of morphotypes within species of planktonic foraminifera, often finding a large range in morphologies within a single population (Kennett, 1976; Deuser et al, 1981; Bé et al., 1983; Deuser, 1987; Deuser and Ross, 1989) . A handful of studies report significant stable isotopic and trace element differences among different morphotypes of some species of planktonic foraminifera (Deuser et al., 1981; Healy-William et al., 1985; Deuser, 1987; Bijma et al., 1998; Wang, 2000; Steinke et al., 2005; Richey et al., 2012) . Marine Micropaleontology 120 (2015) xxx-xxx However, the significance of morphological variation was not apparent until the first genetic studies of foraminifera. These studies revealed that many morphologically defined species are complexes of cryptic genetic variants (Darling et al., 1996 (Darling et al., , 1999 de Vargas et al., 1997 de Vargas et al., , 1999 de Vargas et al., , 2003 Huber et al., 1997; Kucera and Darling, 2002; Darling and Wade, 2008) . For example, fifty-four cryptic species have been identified among nine modern planktonic foraminiferal morphospecies commonly used for paleoceanographic reconstructions (Kucera and Darling, 2002; Darling and Wade, 2008; Morard et al., 2013) . Several studies suggest that cryptic species can differ in their ecological preferences (Huber et al., 1997; Darling et al., 1999; de Vargas et al., 1999 de Vargas et al., , 2003 Stewart et al., 2001; Kuroyanagi and Kawahata, 2004; Morard et al., 2009 Morard et al., , 2013 Aurahs et al., 2011) and emphasize the importance of distinguishing between genotypes for paleoceanographic reconstructions (Kucera and Darling, 2002) . Based on these findings, it is likely that a morphotype/genotype "lumping" approach for geochemical, morphometric and distribution analyses introduces a significant amount of noise into paleoclimate records. Thus, the ability to discriminate between these different genetic types within sediment samples may greatly enhance the usefulness of various planktonic foraminiferal proxies (Darling and Wade, 2008) .
In some cases, taxonomic "lumping" may be easily revised within the framework of the morphospecies concept. For example, some genetically distinct variants of Globigerinoides ruber (Type IIa and Type Pink) can be differentiated easily based on differences in chamber morphometrics and pigmentation (Aurahs et al., 2011) . Some cryptic species, however, are not distinguished from one another based on easily identifiable morphological differences (Knowlton, 1993) . Orbulina universa (d'Orbigny), a species commonly used in climate proxy development (Spero and Williams, 1988; Sanyal et al., 1996; Spero et al., 1997; Bemis et al., 1998; Lea et al, 1999; Ren et al., 2012) , has three known genetic variants -Caribbean (Type I), Sargasso (Type II) and Mediterranean (Type III; Darling et al., 1996 Darling et al., , 1997 de Vargas et al., 1997 de Vargas et al., , 1999 Morard et al., 2009) . Several studies have mapped the geographic distribution of O. universa genotypes in the North and South Atlantic, Caribbean Sea, Western Pacific Ocean, Southern California Bight and Indian Ocean de Vargas et al., 1997 de Vargas et al., , 1999 Morard et al., 2009 Morard et al., , 2013 , and have linked their relative abundances to changes in sea surface chlorophyll concentrations (de Vargas et al., 1999) . For example, plankton tow samples collected off Puerto Rico and Bermuda revealed the presence of both the Caribbean and Sargasso genotypes (de Vargas et al., 1997) , which are defined as the oligotrophic and extreme oligotrophic genetic varieties of O. universa, respectively (de Vargas et al., 1999) . O. universa collected from upwelling regions in the Atlantic and off the coast of California (Catalina Island) have been identified as the Mediterranean cryptic species, which is considered to be the eutrophic variant of O. universa (de Vargas et al., 1999) . Morard et al. (2009) further documented the presence of all three cryptic species at a Caribbean sampling site (C-Marz 5; 14°01′N, 54°91′W), only 1200 km NW of the Cariaco Basin sediment trap mooring.
These three cryptic species of O. universa are morphologically very similar, but subtle differences in pore space distribution and shell wall thickness have been used to distinguish them using a scanning electron microscope (SEM; Morard et al., 2009) . However, this is a time consuming process and the identification of the cryptic species in this way does not always permit subsequent geochemical analysis of the shells due to sample processing for SEM analysis. The current study presents a framework for the identification of morphotypes and potentially cryptic species of O. universa. Our results suggest that there are currently two morphotypes of O. universa characterized by thin and thick shell walls (M thin and M thick ) present in the Cariaco Basin that can be separated on the basis of shell morphology. We also present carbon and oxygen isotope data in an attempt to better constrain the ecological preferences and final spherical chamber calcification depths of the two morphotypes.
Orbulina universa: life cycle, habitat preferences and morphometric variability
Early studies of the habitat preferences and morphological characteristics of O. universa treated its morphotypes as ecophenotypic variants, all belonging to the same genetic species but exhibiting phenotypic variation under different environmental conditions (Bé et al., 1973; Hecht et al., 1976; Colombo and Cita, 1980) . These studies defined O. universa as a temperate-subtropical-tropical species with a preference for dwelling within the photic zone between the surface-mixed layer and shallow thermocline. The temperature ranges reported for O. universa differ regionally, but generally fall between 9 and 30°C (Bradshaw, 1959; Tolderlund and Bé, 1971; Bouvier-Soumagnac and Duplessy, 1985; Sautter and Thunell, 1991; Darling and Wade, 2008) .
During the early portion of its~1 month life cycle (Hemleben and Bijma, 1994) , O. universa has a multi-chambered trochospiral form, ornamented with calcite spines that serve as a home for a cloud of photosynthetic dinoflagellate symbionts. During the last 2-9 days of its life cycle, O. universa precipitates a large, spherical chamber that comprises 90-95% of its total calcite and thickens continuously until gametogenesis (Spero, 1988; Spero et al., 2015) . The sphere is the final chamber addition phase of this species. During gametogenesis, O. universa sheds its spines and adds a thin veneer of calcite that contributes~4-20% to the final shell calcite prior to the release of its gametes (Hamilton et al., 2008) . Small and large pores on the final chamber serve as pathways for gas exchange and food and symbiont movement into and out of the cell protoplasm, respectively (Bé et al., 1980; Spero, 1987 Spero, , 1988 . Pore distribution is established at the time of initial sphere formation (Spero, 1988) , and is believed to be distinctly different among the genetic varieties of O. universa (Morard et al., 2009) .
Size variations in the final spherical chamber of O. universa have been linked to changes in calcification temperature (Schmidt et al., 2004; Lombard et al., 2009) , whereas thickness variations have been associated with changes in the carbonate ion concentration ([CO 3 2− ]) and variations in water column irradiance (related to symbiont photosynthesis; Lea et al., 1995; Lombard et al., 2010; Spero et al., 2015) . Porosity variations in O. universa specimens have been attributed to changes in oxygen concentrations, such that porosity increases as oxygen concentrations decrease (Colombo and Cita, 1980) . However, since O. universa spends its life cycle within the photic zone, where dissolved O 2 is saturated or oversaturated, changes in oxygen concentration are an unlikely contributor to porosity variations. Additionally, the discovery of porosity and thickness differences between cryptic species of O. universa complicates these earlier ecophenotypic concepts (Morard et al., 2009) . Deuser et al. (1981) and Deuser (1987) were the first to suggest a difference in calcification depths for morphotypic variants of O. universa based on sediment trap material collected from the Sargasso Sea (32°54′N, 64°15′W). These studies report the presence of thin (5-10 μm) and thick (up to 30 μm) morphotypes of O. universa and find that the thick walled variety secretes shells that have up to 0.5‰ higher δ
18
O values than the thin-walled variety (Deuser et al., 1981) . The thin morphotype comprised 65-80% of the O. universa collected at this location and was present year-round, though in higher abundances during periods of increased stratification. The thick-walled variety was far less abundant (20-35%), and is only present in this region of the North Atlantic during the summer when the mixed layer is deep. Based on oxygen isotopic compositions of pooled sediment trap shells and depth-stratified plankton tow samples, Deuser et al. (1981) concluded that the thinner of the two morphotypes calcified at depths between 25 and 50 m, while the thicker morphotype calcified in deeper water. The thickness variations between the two morphotypes were ultimately attributed to the presence or absence of gametogenic calcite, though later studies suggest that the O. universa morphotypes from these studies may represent different cryptic species (Hamilton et al., 2008) . Deuser (1987) also report that the differences between the oxygen isotopic compositions of the thick and thin varieties of O. universa is minimal during periods when the mixed layer is deep and increases rapidly as a more stratified water column is established.
The CARIACO Ocean Time Series
The Cariaco Basin is located on the continental shelf of northern Venezuela (Fig. 1) . Because of the shallow sills (~130 m) surrounding the basin, the deep waters are not well ventilated. This restricted nature of the basin, combined with seasonally high productivity, results in anoxic waters below~250 m. The CARIACO Ocean Time Series was established in November 1995 and provides a repository of biweekly sediment trap samples collected at discrete depths throughout the water column (10°30′N and 65°31′W; 150, 230, 410, 800 and 1200 m). Monthly hydrographic data are also available for comparison with sediment trap data. These samples have been used to assess and further calibrate a variety of paleoceanographic proxies (Goni et al., 2004; Marshall et al., 2013; Turich et al., 2013; Wejnert et al., 2013) .
The physical and chemical characteristics of Cariaco Basin surface waters vary seasonally in response to the migration of the Intertropical Convergence Zone (ITCZ). When the ITCZ is in its most northerly position (August-October), temperatures and pH are high and salinity and nutrient concentrations are low in the surface waters. As the ITCZ shifts further south during boreal winter and early spring, the basin is exposed to strong easterly trade winds that result in Ekman-induced upwelling . Enhanced upwelling during the winter and spring results in lower temperatures and pH and higher salinities and nutrient concentrations in the surface waters. Fig. 2 illustrates seasonal changes in surface ocean temperature throughout the study period (July 2005 -January, 2008 due to changes in upwelling intensity in the basin. The dynamic nature of the basin allows us to observe a wide range of hydrographic conditions and assess their impact on the planktonic foraminifera that calcify within the basin.
Methods

Sediment trap and water property collections
We use biweekly sediment trap samples from the trap moored at 410 m depth and collected between August 2005 and July 2008. The foraminifera were separated from a quarter split of each sample cup using the settling method presented in Bé (1959) . The samples were then wet sieved (N125 μm) and washed prior to being examined under a stereo binocular microscope. All O. universa specimens within the quarter split were wet picked and counted. The number of specimens in each sample ranged from 13 to 56, with an average of 33. The fluxes of each morphotype were calculated by:
where n is the number of specimens of a given morphotype in a quarter split of each sample population, 0.5 m is the cross-sectional area of the sediment trap and days is the duration of the collection period (7-14 days; Tedesco and Thunell, 2003) . Monthly temperature, salinity, oxygen, pH, chlorophyll and nutrient concentrations measured at the sediment trap mooring location were compared to the morphotype fluxes, oxygen isotope-derived calcification temperatures, and morphometric characteristics of the O. universa specimens. Irradiance measurements for the upper 75 m of the water column were also available for select samples throughout the study period (Lorenzoni et al., 2011) . Temperature and salinity measurements were used to establish mean calcification depths of the final sphere for each morphotype (this procedure is described in Section 2.5). A comprehensive listing of the monthly hydrographic data for the entire Cariaco Basin time series can be found at http://www.imars.usf.edu/ CAR. Because the vast majority (90-95%) of O. universa sphere calcite is produced at the end of its life cycle (Spero et al., 2015) , and considering a 1 to 2-day settling period to reach the trap depth of 410 m (sinking speed = 300 m/day; Takahashi and Bé, 1984) , the foraminifera collected in the biweekly sediment traps could have calcified from 8 days prior to 11 days after the time the trap opened for collection. To account for this, we paired the sediment trap samples with hydrographic data that fell closest to or within this time range when possible. The dates for the beginning of each sediment trap collection period, the paired date of hydrographic data collection, and the values for the surface ocean hydrographic measurements (upper 100 m average) are reported in Table 1 .
We use the coastal upwelling index (M; m 3 /s), estimated based on the cross-shore Ekman transport per 100 m of coastline, to identify periods of upwelling and non-upwelling throughout the study period :
where M is the meridional Ekman transport, τ x is the zonal wind stress derived from nearby meteorological stations and f is the Coriolis parameter. The monthly upwelling index anomaly is then calculated by dividing M by the average M for the study period of January 1996-November 2011, with a negative anomaly representing periods of enhanced upwelling. Here, we define an upwelling period as an upwelling index anomaly ≤0.
Foraminiferal morphometric calculations
Individual foraminifera (n = 13-56 per sample) were weighed on a high-precision Mettler Toledo microbalance (± 0.43 μg) and photographed using an inverted microscope equipped with a Canon Rebel XSI. The photographs were analyzed using the microscopic imaging program Macnification 2.0 for diameter and silhouette area analysis. Calibrations for the silhouette area and diameter measurements were performed using a microscale image taken at the same magnification as the foraminiferal images (50×). The area densities (ρ A ) of individual O. universa were calculated using the methods presented in Marshall et al. (2013) , where
The mean area densities (ρ A ) for each sediment trap sample were calculated by averaging the ρ A of all O. universa specimens in a given sample. A total of 494 O. universa specimens were measured for weight, silhouette area, diameter, and area density in this study.
Orbulina universa morphotype distinction
The area densities of individuals were used to create groupings of O. universa morphotypes for each of the 15 sediment trap samples. Examples of this method applied to two of the samples (20-8 and 23-4) are shown in Fig. 3A and B. The area densities for all samples are shown in Fig. 3C . As the groupings were created, the weights and areas of each group exhibited distinct positive linear relationships ( Fig. 3D-E) , providing a secondary means of distinguishing O. universa morphotypes. The morphotype-specific weight-area relationships for all samples are shown in Fig. 3F . All but one sample exhibited two distinct morphotype groupings, a thin morphotype (M thin ) and a relatively thick morphotype (M thick ). For the sample containing a single morphotype (21-3), we compare the mean weight, area and area density to the ranges exhibited by each morphotype and are able to easily classify this group as M thick ( Fig. 3C and F) .
SEM analyses
O. universa individuals from two of the samples (20-7 and 22-7; n = 42) used in the morphometric analysis were also examined on a Tescan Vega 3 SBU variable pressure scanning electron microscope (SEM). The O. universa shells were gently broken, attached to carbon tape and gold sputter-coated to prevent charging of the specimen during imaging. Porosity measurements were made on these specimens by gathering images normal to the inner shell wall in order to minimize optical distortion of the pores (Bé et al., 1973; Spero, 1988) . The outer edges of each individual were used to measure shell thickness. Images were uploaded into the microscopic imaging program Macnification Table 1 Morphotype fluxes and surface hydrographic parameters (0-100 m average). Gray shaded samples correspond with upwelling periods.
2.0 to characterize porosity and thickness variations between the two morphotypes. Porosities were calculated within the maximum region of the inner shell determined to be at a normal angle to the center of the shell. Small and large pores were manually marked and their areas summed. Small, large and total pore areas were divided by the total area of the surveyed region and multiplied by 100 to calculate porosity. SEM-measured thicknesses were averaged from 5 measurements taken at random along the shell edge. We use the relationships between the area densities and measured thicknesses of samples 20-7 and 22-7 to derive morphotype-specific equations for estimating the thicknesses of M thin and M thick (Tables 2, Fig. 4A and B). These equations were used to calculate thickness for all specimens examined in this study. The porosities and calculated thicknesses were used to characterize the morphotypes and compare them to the previously published porosity and thickness measurements for the three known cryptic species of O. universa (Morard et al., 2009) . We also used the SEM images to assess whether or not the specimens had undergone gametogenic calcification, defined by the absence of spines (O. universa sheds its calcitic spines during gametogenic calcification, leaving only spine bases on the final chamber outer wall; Spero, 1988) and the presence of a thin gametogenic calcite layer on the spine bases (Table 2) .
Estimated calcification depth and temperature
Following the morphometric analyses, groupings of one to eight O. universa shells from each morphotype (diameter N500 μm) were analyzed for oxygen and carbon isotopes using a GV IsoPrime stable isotope ratio mass spectrometer (long-term 1σ standard reproducibility is ±0.06‰ for δ Spero and Parker, 1985) generally occurs in the upper 20 m of the water column in the Cariaco Basin (Lorenzoni et al., 2011) , which is shallower than the inferred habitat depth of O. universa at this location. δ w was estimated using the δ 
Calculated calcification temperatures were compared to measured temperatures in order to determine the average calcification depth of the final chamber. Additional measured and calculated hydrographic parameters (e.g., salinity, pH, alkalinity, [CO 3
2− ], water density, oxygen, nutrient, irradiance and chlorophyll concentrations) at the estimated calcification depth were then used to define the environment of the two O. universa morphotypes during the final 2-9 days of calcification. Carbonate ion concentration ([CO 3 2− ]) was calculated using alkalinity, Indicates specimens that were misidentified using the morphometric methods presented in this study.
pH, salinity, temperature and nutrient concentrations and CO2SYS.xls (Pelletier et al., 2007, version 16) . In an effort to isolate possible effects of size on δ 18 O and δ 13 C (Bouvier-Soumagnac and Duplessy, 1985; Elderfield et al., 2002; and Friedrich et al., 2012) , the isotopic measurements were restricted to shells with diameters between 540 and 665 μm.
Results
Biometric characteristics
We find two biometrically distinct O. universa morphotypes in the CARIACO sediment trap samples, which are easily differentiated by thin (M thin ) and thick (M thick ) shell walls. All morphometric data is summarized in Table 3 . The mean silhouette areas of the M thin and M thick are 2.64 (±0.54) and 2.75 (±0.63) × 10 5 μm 2 , respectively, and are not significantly different (paired comparison T-test; p = 0.330, t = −1.01). Measured diameters were also similar for the two morphotypes, ranging between 330 and 688 μm for M thin (mean = 570 μm) and 330 and 715 μm for M thick (mean = 585 μm; p = 0.284, t = −1.12). In contrast, the mean weights for the two morphotypes are significantly different from one another, with a mean weight of 32 (±10; range = 4-66) μg for M thin and 59 (± 13, range = 17-110) μg for M thick (p = 0.000, t = −8.94). Because the two morphotypes exhibit similar mean diameters, the weight differences must be a result of a difference in shell thickness. Indeed, significant differences in the mean area densities (ρ A ; M thin = 1.16 (± 0.22) × 10 4 μg/μm 2 , M thick = 2.13 (±0.28) × 10 4 μg/μm 2 ) and calculated thicknesses (M thin = 13 (±2; range = 6-22) μm, M thick = 28 (±4; range = 19-41) μm) of the two morphotypes indicate that M thick is characterized by a thicker shell wall (p = 0.000, t = − 13.16 for ρ A ; p = 0.000, t = − 17.56 for thickness). The SEM-measured shell thickness and porosity values for sediment trap samples 20-7 and 22-7 can be found in Table 2 . Sample images of both morphotypes, including those of the pores and shell edges, are presented in Fig. 5 . Examination of shell wall images revealed that pre-gametogenic individuals are present in both morphotype groups, being more abundant for M thin than M thick (38% vs. 23%, respectively; Table 2 ).
The SEM measured and calculated thicknesses agree on average within 0.1 μm (Table 2, n = 40), indicating that the ρ A -thickness equations for the two morphotypes are effective at estimating O. universa shell thickness (Table 2 ). The imaged M thin specimens have an average porosity of 8% (±1; range = 6-10%, n = 11), while M thick specimens have an average porosity of 15% (±2.5; range = 11-20%, n = 28) and differ significantly from one another (p = 0.000, t = −8.750). Relative to M thin , M thick is characterized by higher average small (8.4% vs. 5.7%) and large porosities (14.6% vs. 8.4%; Fig. 6 ). The two morphotypes exhibit a similar range in small porosities (M thin = 3.0-8.9%; M thick = 4.8-12.0%), thus, the majority of the porosity differences between the two morphotypes can be attributed to differences in the area of large pores (M thin = 0.0-4.4%; M thick = 1.8-11.3%; Fig. 6 ).
Accuracy of morphometric method
Unlike thickness, which increases continually for O. universa after the final spherical chamber has been secreted (Spero et al., 2015) , pore distribution remains constant once the final chamber has been fully formed (Spero, 1998) . Though the apparent porosity would be greater on the outer surface of thicker shells as pore walls angle outwards toward the surface of the shell , porosity measurements on the inner shell wall are representative of the pore distribution at the time of initial chamber calcification. If we assume that inner shell porosity is the most defining and constant characteristic for distinguishing between morphotypes/genotypes in a given region (Morard et al., 2009) , we can use the porosity measurements for samples 20-7 and 22-7 to determine the accuracy of the ρ A method for identifying M thick as M thin . Morard et al. (2009) report porosities ranging from 12-30% and 6-10% for the Caribbean and Mediterranean cryptic species collected from the C-MarZ sites, respectively. If we divide the porosity measurements for samples 20-7 and 22-7 (Table 2) into comparable ranges, we find that approximately 85% of M thin have porosities that fall within the lower porosity range (6-10%) and 77% of M thick have porosities that fall within the higher porosity range (11-20%). Thus, the morphometric method presented in this study correctly identifies the O. universa morphotypes 77-85% of the time. We suspect that the main cause for the misidentification of O. universa M thick as M thin is the absence of gametogenic calcite in M thick , which would affect both the area density and weight-area relationships of a specimen. Indeed, we find that more than 50% of the misidentified M thick specimens had not undergone gametogenic calcification based on the SEM images of the shell wall ( Table 2 ). The two M thin specimens misidentified as M thick have anomalously thick shell walls as compared with those observed from the other M thin specimens. In summary, using porosity as a separate, and likely more constant biometric attribute than thickness, the ρ A method identified the correct morphotype for~80% of the O. universa specimens, with the majority of misidentifications attributed to the absence of gametogenic calcite in the M thick group.
Compared to earlier geometric methods for calculating shell thickness in O. universa (see Billups and Spero, 1995 for method description), we find that the ρ A method presented in this study is more effective at accurately estimating shell thickness, particularly for thicker shells (Fig. 4C ). This may be due to the necessity of applying a porosity correction to geometrically calculated thickness, which is a morphometric trait that varies among the morphotypes and cryptic species of O. universa (Morard et al., 2009 ; this study). Though we applied porosity corrections using the average porosities for each morphotype (M thin = 8%, M thick = 15%), we found that the geometrically determined thicknesses progressively underestimated measured thicknesses as shell thickness increased.
Seasonal changes in morphotype abundances
The abundances and fluxes of M thin and M thick are listed in Table 1 . M thick is the more abundant of the two morphotypes, comprising on average 75% of the total O. universa specimens in the sediment trap samples. When comparing the fluxes of M thin and M thick to the timeequivalent monthly averaged upwelling index , we find that the fluxes of M thick are higher during upwelling periods, with mean upwelling fluxes of 17 shells/m/day and mean non-upwelling fluxes of 9 shells/m/day (Fig. 7) . In contrast, there is no difference in flux for M thin between upwelling and non-upwelling periods (mean flux upwelling = 5 shells/m/day, mean flux non-upwelling = 5 shells/m/day). However, we observe the lowest fluxes in M thin during peak upwelling periods (samples 21-3 (0 shells/m/day) and 23-1 (2 shells/m/day)).
Oxygen and carbon isotopes
The bulk (average of both morphotypes) and morphotype-specific oxygen and carbon isotopic data for O. universa are listed in Table 4 . The sample means presented in Table 4 are weighted based on the number of individuals per sample analysis in order to give more weight to those samples containing more O. universa individuals. A paired comparison T-test revealed that for both carbon and oxygen isotopes, the differences between M thin and M thick are highly significant (t = 4.390, p = 0.001 and t = −5.294, p = 0.000 for δ 
Final chamber calcification depths and hydrographic parameters
The mean δ
18
O values from each sample were used to calculate calcification temperatures for the individual morphotypes using Eqs. 4 and 5 (Table 5) . M thin and M thick had average calcification temperatures for the final O. universa chamber of 23.3 and 21.6°C, respectively, which are within the optimal temperature range proposed for O. universa (22-28°C; Caron et al., 1987; Lombard et al., 2009 ). However, the two morphotypes have distinctly different average depths at which the final spherical chamber calcifies, with M thick calcifying at deeper depths (25-130 m) than M thin (7-100 m; Fig. 2 ). Specifically, M thick is adding its final chamber in waters characterized by lower temperatures (21-23°C), pH (7.85-8.01), [O 2 ] (100-175 μmol/kg) and chlorophyll concentrations (0-750 ng/L). Final chamber calcification for M thin occurs at higher temperatures (mean = 22-24°C), pH (mean = 7.93-8.04), [O 2 ] (100-200 μmol/kg), and chlorophyll concentrations (60-830 ng/L) ( Table 5 ). Salinities at the estimated calcification depths for both morphotypes are very similar and closely correspond with the salinity maximum in the basin (36.8).
The calcification depths for both morphotypes varied throughout the 3-year study period, with both calcifying at shallower depths during upwelling periods (Fig. 2) . Differences in the depths of calcification for the two morphotypes tend to be small during periods of upwelling, and increase during periods of non-upwelling and enhanced stratification. Temperature, salinity and density (σ T ) were relatively constant at the depth of calcification for each species over the study period (Table 5 ; Fig. 2 ). In contrast, chlorophyll concentrations were more variable at the estimated depths of calcification for both morphotypes, but consistently higher for M thin (mean Chl = 400 vs. 300 ng/L for M thick ).
Discussion
Morphotype identification
The morphometric methods presented here are effective at differentiating between O. universa morphotypes, which are not readily distinguishable under a simple stereo binocular microscope. SEM imaging, while an effective way of distinguishing O. universa genotypes (Morard et al., 2009) , is destructive to the shell and does not allow for subsequent geochemical analysis. The ρ A methods provides a nondestructive means by which O. universa genotypes can be distinguished ]) likely influence the morphometrics of the O. universa final chamber (Bé et al., 1973; Lea et al., 1995; Barker and Elderfield, 2002; Schmidt et al., 2004; Lombard et al., 2009 Lombard et al., , 2010 Marshall et al., 2013) , these factors do not appear to inhibit the identification of thin and thick O. universa morphotypes using the methods presented in this study. If only a single morphotype exists in a given sample, it is possible to assign an O. universa specimen to a morphotype by comparing its mean weight, area and ρ A to the ranges exhibited by thick and thin morphotypes in a given study area ( Fig. 3C and F) . This method was particularly useful for the single morphotype specimens from sample 21-3, which were determined to be M thick based on their morphometric characteristics. The final chamber characteristics of O. universa morphotypes likely vary regionally due to differences in the above-mentioned environmental factors known to influence final chamber morphometrics. Thus, researchers should use caution when comparing the biometric characteristics of O. universa morphotypes from different study areas.
The porosity differences exhibited by the thin and thick morphotypes may be a result of ecophenotypic and/or genetic controls (Fig. 6) . In foraminifera, small pores are used for gas transport, while large pores are used for food/digestion byproducts and symbiont movement into and out of the organism (Bé et al., 1980; Spero, 1987 Spero, , 1988 . Small and large pore distribution is set at the time of initial sphere calcification (Table 2 ; Spero, 1988) . Differences in large porosities between the two morphotypes may be attributed to differences in food supply, prey size and/or symbiont density during the juvenile, trochospiral shell phase of the organism, while differences in smaller porosity may be attributed to changes in gas concentrations (e.g., oxygen) in their respective final chamber calcification environments. However, higher large and small porosities in M thick relative to M thin are inconsistent with some of these ecophenotypic concepts. For example, oxygen concentrations are supersaturated and are on average within 23 μmol/kg at the calcification depths of the two morphotypes, suggesting that small porosities should be comparable between the two morphotypes (Table 5) .
Porosity differences could also be attributed to genetic differences between the two morphotypes (Morard et al., 2009) . Although genetic testing could not be performed on the O. universa morphotypes in this study due to the preservation of sediment trap samples in formalin, we use the phenotypic characteristics of the three identified cryptic species of O. universa (de Vargas et al., 1999; Morard et al., 2009 Morard et al., , 2013 to infer the genetic variety of the two morphotypes recognized in our study. Morard et al. (2009) report the presence of all three cryptic species of O. universa at the C-MarZ sampling sites in the Caribbean Sea, although only two Sargasso specimens were reported for these locations. Due to the high productivity in the Cariaco Basin (Muller-Karger et al., 2001 ) and the fact that the Sargasso cryptic species is only found in great abundances in the oligotrophic regions of the world's oceans (de Vargas et al., 1999) , we think it is highly unlikely that this cryptic species is present in the Cariaco Basin. The biometrics of M thin are characteristic of the Mediterranean cryptic species described at the nearby C-MarZ sampling site (mean thickness = 6 (± 2.5) μm, range = 2-10 μm; mean porosity = 8 (±0.01) %, range = 6-10%), while M thick is defined by biometrics comparable to those of the Caribbean cryptic species (mean thickness = 21 (± 6.8) μm, range = 5-27 μm; mean porosity = 19 (±4) %; range = 12-25%). Additionally, the temperature (21-27°C; Fig. 2 ) and chlorophyll concentrations (350 vs. 250 ng/L) in the Cariaco Basin surface waters over the study period are optimal for the presence of both species (de Vargas et al., 1999; Morard et al., 2009 Morard et al., , 2013 . Based on morphometrics and the hydrographic conditions of the Cariaco surface waters, we conclude that M thin and M thick are the Mediterranean and Caribbean cryptic species, respectively.
Oxygen and carbon isotopic variability
We find that a relationship exists between the offset in δ O, respectively). Increased scatter in the stable isotopic values of the O. universa morphotypes during non-upwelling periods could be attributed to the occurrence of individuals at different depths due to enhanced stratification. This could explain the slight isotopic differences (b0.2‰) exhibited between the non-upwelling sample populations of 21-13 and 22-1, which were collected only 1-3 weeks apart. Interestingly, Deuser (1987) reports similar findings stating that the differences between the δ 18 O of the thin and thick morphotypes of O. universa from the Sargasso Sea decreased when the surface mixed layer reached depths of 75-100 m.
The cause for the isotopic differences exhibited between M thin and M thick , as well as the relationship between the isotopic differences and surface ocean stratification, can be best explained by a difference in the average final chamber calcification depth of the O. universa morphotypes. As previously reported in Billups and Spero (1995) , we find no significant relationship between the stable isotopic compositions and O. universa shell diameter (Fig. S1) and thickness (Fig. S2 ) for thin and thick morphotype groups when considered separately, implying that there is no size or diameter influence on stable isotopic compositions of individual morphotypes. Additionally, the differences in the isotopic compositions of the two morphotypes cannot be explained by seasonal differences in occurrence, as both forms are present throughout the year. The δ
18
O composition of O. universa is primarily a function of temperature in the Cariaco Basin as salinity, and thus δ 18 O w , is relatively constant (Table 5) . Changes in irradiance (Spero, 1992) and pH/[CO 3
2− ] (Spero et al., 1997; Bemis et al., 1998; Wolf-Gladrow et al., 1999) ] increase of 60 μmol/kg (maximum offset for the two morphotypes, Table 5 ).
In order to better understand how the combination of these effects influences the δ
O compositions of our two morphotypes, we developed a conceptual model using depth profiles of the above mentioned parameters and average final chamber calcification depths for the two morphotypes for an upwelling (sample 21-8; Fig. 11a-d ) and nonupwelling (sample 22-1; Fig. 11e-h ) period. We use 25 and 35 m for M thin and 55 and 100 m for M thick for upwelling and non-upwelling periods, respectively (see Table 6 for parameter values and calculations (Table 4 ). The dashed black line represents the weighted mean of all measured specimens and best represent the values that would be generated when lumping the two morphotypes during stable isotopic analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) and Fig. 11 for depth profiles) . In the model, we use Eqs. 4 and 5 to determine the expected δ
O calcite at the average depths of final chamber calcification for each morphotype during upwelling and nonupwelling periods (Table 5) . In doing so, we were able show that modeled δ ]. The same principles can be applied to explain the δ 13 C differences exhibited by M thin and M thick using upwelling/non-upwelling δ 13 C DIC profiles that are derived using the δ 13 C DIC -[PO 4 3 − ] relationship from Ortiz et al. (2000) :
We caution that this equation was derived for the California Current system and may not be ideal for the Cariaco Basin, but it is applicable for the purpose of this conceptual model. The δ 13 C DIC of the surface waters is high due to the preferential utilization of 12 C during photosynthesis and decreases with depth due to the remineralization of organic matter and release of 12 C (Fig. 11) . Considering only changes in δ 13 C DIC with depth, we estimate a predicted δ
13
C calcite M thin − M thick offset of 0.13 Williams, 1988, 1989; Lea et al., 1995; Spero et al., 1997) . The irradiance effect is attributed to the preferential uptake of 12 C by the symbionts during photosynthesis, producing a 13 C-enriched microenvironment for foraminiferal calcification (Spero and De Niro, 1987) . For the upwelling scenario (Fig. 11a-d , respectively. This would contribute an additional δ 13 C offset of 0.22 and 0.52‰ between M thin and M thick for upwelling and non-upwelling periods, respectively, based on the culture calibrations of Spero and Williams (1988) :
The carbonate ion effect would result in an additional − 0.05 and − 0.22‰ offset in δ 13 C values for M thin relative M thick for upwelling (Spero, 1992) . f Eq. (9) (Spero et al., 1997, LL equation) . g Eq. (8) (Spero and Williams, 1988) . and non-upwelling periods, respectively, based on the culture calibration of Spero et al., 1997:
As these effects have an opposing influence on δ
C calcite , the [CO 3
2− ] effect mutes the strong influence of the irradiance effect on δ 13 C calcite . Thus, the model predicts a total δ 13 C calcite M thin − M thick offset of 0.30 and 0.47‰ for upwelling and non-upwelling periods, respectively, due to the combined influence of δ 13 C DIC , irradiance and [CO 3 2 − ]. These predicted offsets are comparable to the average observed offsets throughout the study period of 0.25 and 0.41‰ for upwelling and non-upwelling periods, respectively. Thus, elevated δ 13 C in the shallower-dwelling M thin relative to the deeper-dwelling M thick , particularly during non-upwelling periods, may be due in large part to elevated symbiont photosynthesis during periods when M thin is calcifying at higher light levels than M thick , with additional contributions due to differences in in-situ δ ]. Another possible explanation for the stable isotopic differences between the two O. universa morphotypes is a difference in vital effects, assuming that the two morphotypes represent the Caribbean and Mediterranean cryptic species of O. universa. Vital effects is a term used to collectively describe differences in the geochemical compositions between species due to life processes such as respiration and symbiont photosynthesis (Spero et al., 1991; Zeebe, 1999) . Just as there is a need to establish species-specific equations for various climate proxies (Wefer and Berger, 1991; Spero, 1998) , it is likely that species-specific calibrations based on revised genetic taxonomies will be required as cryptic species continue to be identified. A preliminary study was conducted using cultured O. universa specimens collected from Catalina Island, California and Puerto Rico (H. Spero, unpub. obs.) . This study collected juvenile O. universa from the upper 3-5 m of the water column in both locations and cultured the foraminifera at temperatures ranging from 9-29°C. Only a single cryptic species of O. universa has been identified in the California Current System (Mediterranean (Type III; Kucera and Darling, 2002) ) and the Caribbean cryptic species (Type I) has been identified in Puerto Rico (de Vargas et al., 1999) . The results reveal that no systematic offset in the δ 18 O-temperature relationship exists between the O. universa specimens collected off Puerto Rico and Catalina Island. Though no genetic testing was performed to verify the genotypes of the cultured O. universa, this study suggests that there is no difference in oxygen isotopic composition of the cultured O. universa from the two different regions. Thus, the most likely explanation for the isotopic difference exhibited by the two morphotypes in the present study is that they differ in the average depths at which they calcify their final spherical chambers, as discussed earlier in this section.
Paleoceanographic implications and applications
As previously mentioned, the estimated final chamber calcification depths for the two morphotypes identified in this study are characterized by an~2°C temperature difference. This difference represents approximately half of the sea surface temperature change from the Last Glacial Maximum to the Holocene in the Caribbean (Schmidt et al., 2004; Foster, 2008) . Because the isotopic offsets between the two morphotypes vary with the degree of surface ocean stratification, these differences may be muted in regions defined by a deep surface mixed layer. Conversely, larger isotopic offsets may exist between depth-stratified O. universa morphotypes/cryptic species in regions defined by a more stratified surface ocean. The observed stable isotopic differences between the two O. universa morphotypes could prove to be useful as a proxy for past changes in surface ocean stratification. Thus, future studies could utilize the stable isotopic offsets between O. universa morphotoypes in a given region as a method for reconstructing changes in upwelling intensity over various timescales.
In summary, the results of this study provide evidence that morphotypes of O. universa, though similar in their basic phenotypic expression, differ in their geochemical makeup and preferred calcification environments. Thus, it is important to distinguish between them in order to eliminate scatter in paleoceanographic/paleoclimatic reconstructions.
Conclusions
Using a non-destructive morphometric method, we identify two distinct morphotypes of O. universa collected from sediment trap samples in the Cariaco Basin, Venezuela. We are unable to definitively assign each morphotype to a previously defined genotype (de Vargas et al., 1999) due to the use of formalin solution to preserve the sediment trap samples. However, using porosity and thickness measurements, as well as previously established ecological preferences (de Vargas et al., 1999; Morard et al., 2009) , we conclude that the two morphotypes identified in this study represent the Caribbean and Mediterranean cryptic species of O. universa. The use of the non-destructive area density (ρ A ) method for identifying O. universa morphotypes allows for the subsequent isotopic analysis of foraminiferal samples. We find that the thin O. universa morphotype is defined by 0.34‰ higher and 0.38‰ lower average δ 
18
O offset and surface ocean stratification suggests that the isotopic offsets between morphotypes may vary regionally depending on the depth of the mixed layer. These data provide evidence that O. universa morphotypes differ in their calcification environment and that the lumping of these morphotypes for geochemical analysis should be avoided as it may cause a significant amount of scatter in paleoreconstructions. The isotopic difference between the two morphotypes of O. universa could potentially be used as a proxy for reconstructing changes in surface ocean stratification. We recommend further research involving the genetic and subsequent geochemical analysis of O. universa collected from depth-stratified plankton tow samples to further explore the presence and geochemical differences among O. universa cryptic species in the world's oceans.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.marmicro.2015.08.001.
